Abstract
where (r, 0) are the polar coordinates.
(ii) Vortlcity waves p=p=O
In (2) (2), (3) and (4) . It turns out, it is possible to eliminate the unknown functions F, @ and X, and upon using the linearized momentum equations of (1), to obtain the following set of outflow boundary conditions.
Extensive numerical experiments testing the accuracy of (5) and (6) 
where M_ and My are the mean flow Mach numbers in the z and y directions, a is the absorption coefficients.
Suppose we look for solutions with (x, y, t) dependence in the form exp[i(az + fly -wt)]. It is easy to find from (7) that the dispersion relations of the PML region are,
In the limit a --+ 0, (8) and (9) (8) and (9) can be found by perturbation.
Let,
where the roots of (8) and (9) are designated by a superscript 'a' (for acoustic waves) and 'v' (for vorticitywaves). Substitution of (10) and (11) into (8) and (9), it is straightforward to find,
where w+ = CaM, + flMu) 4-(a s +/32) ½ " -w_ + (aM= + 3My)w±
Clearly if w_a) or w_v) has positive imaginary part, the mode is unstable.
(13) has a simple interpretation in the case M u = 0. In this special case, (13) reduces to ] '
For acoustic waves with negative phase velocity; i.e., aw± < 0 (the group velocity can, however, be positive) the numerator of (16) 
where Ra is the artificial mesh Reynolds numbers.
By applying Fourier transform analysis to (17) and (18) following Ref.
[29], the damping rate introduced by the last term of (17) is
Figure 5 shows the contours of constant damping rate for RA = 1.0. The coefficient dj's are those corresponding to a = 0.3rr given in the appendix of Ref. [2] . Figure 6 shows the combined growth and damping rate of figures 4 and 5 for RA = 0.46. As can be seen, the instability is completely suppressed.
Note that for a PML with a width of 10 mesh spacings, waves with a wavenumber a smaller than _0 cannot be excited.
This band of wavenumbers lies within the two vertical dotted lines of figure 6 .
(e) Other Methods
In addition to the above four types of meth- However, unlike the ghost point method, the IMM cannot be used for viscous problems.
Impedance Boundary Condition
One of the most successful methods for suppressing fan noise radiating out the inlets of jet engines is to install acoustic liners inside the front part of the engine inlet as shown in figure 2 . Mathematically, a liner is represented by an impedance boundary condition. The impedance, Z, is a complex quantity. If the time dependence is taken to be e -i_t then Z is related to the two real parameters of the liner R, the resistance, and X, the reactance, by
Z=R-iX.
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Now at the inflow boundary, the outgoing acoustic waves satisfy the radiation boundary condition (5). Therefore, by substitution of (20) and similar expressions into (5), a set of nonhomogeneous radiation boundary conditions is obtained,
In (21) the nonhomogeneous terms on the right side represent the known incoming waves. In Ref.
[42], the plane acoustic wave scattering problem was calculated numerically using (21) as the boundary conditions.
It has been found that if the computation is to be carried out with low spatial resolu- (20) and similar equations.
Here the inflow variables are given so either p or Pout, whichever is appropriate can be easily found.
In this way, the incoming disturbances are generated at the stencil overlapping part (overlapping with the boundary region) of the interior region.
Radiation Boundary Conditions for Ducted Environment
For the fan noise radiation problem illustrated in Obviously, the boundary conditions must be transparent to the outgoing acoustic waves radiated from the jet.
In addition, the boundary conditions must impose the ambient conditions on the numerical solution.
In other words, they specify the static conditions far away from the jet. 
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where poo, aoo and _, are the ambient gas density, sound speed and the ratio of specific heats.
Q, the strength of the sink, has dimensions of pooaooD2; D is the jet diameter.
On replacing (_, 3,_, _) of (22) by (p_,ue,ve,pe) of (23) and by summing over the contributions from all the sinks, the desired radiation entrainment flow boundary conditions are obtained. To handle the apparent singularity, a jet axis boundary condition may be derived by taking the formal limit of (25) as r -+ 0. On noting that as r -+ 0, v _ 0 while w _ 0 faster than r, the formal limit of (25) is,
(26), which has no apparent singularity at r = 0, is to be enforced at all the mesh points along the jet axis.
Experience
indicates that the use of (26) • , • . 
